Cardiovascular disease remains the leading cause of death in the United States, and its prevalence is rapidly rising in developing countries. The underlying pathological process in coronary artery disease (CAD) is atherosclerosis, which was formerly considered a cholesterol deposition disease, but is now recognized to be a chronic inflammatory syndrome (Hansson and Hermansson, 2011; Witztum and Lichtman, 2014) . Hypertension, smoking, diabetes, and obesity are well-established accelerators, but the molecular mechanisms are poorly understood. Conventional risk factor management leaves patients at high risk for heart attack or stroke, emphasizing the need for new strategies (Moore et al., 2013) . A key pathogenic event is the recruitment of monocyte-derived cells into the subendothelial space, where they differentiate into macrophages, ingest lipids, turn into foam cells, remove debris and participate in efferocytosis. Plaque-residing macrophages secrete cytokines, enzymes, and growth factors, are cytotoxic, produce reactive oxygen species (ROS), and present antigen to T cells (Shirai et al., 2015) . The clinical use of C-reactive protein (CRP) as a reliable biomarker for cardiovascular disease and its outcome assigns a particular role to the inflammatory cytokine IL-6, which is a major inducer of CRP (Ridker et al., 2008) .
A typifying feature of macrophages is their plasticity and ability to respond to environmental cues (Martinez et al., 2013; Martinez and Gordon, 2014) . Functional subsets are broadly classified into inflammatory M1 and tissue-reparative M2 macrophages with M1 polarization resulting from IFN-γ and TLR ligand exposure (Martinez et al., 2008) . M1 macrophages dominate in the vulnerable shoulder of atherosclerotic lesions, whereas M2 macrophages reside in the adjacent adventitia (Stöger et al., 2012) . In late atherosclerosis, M1 macrophages facilitate formation of the necrotic core and destabilize lesion. The role of microenvironmental signals versus cell-indigenous abnormalities in the genesis of pathogenic macrophages is unknown. Interestingly, monocytes that have not yet infiltrated the tissue may already respond to inflammatory stimuli. Specifically, in response to tissue injury caused by acute myocardial infarction, monocytes up-regulate expression of CD14, LGA LS1, ITG AM, CD163, IFN GR1, CYBB, CD93, DUSP6, IL13RA1, TLR2, and several cell cycle genes (Ruparelia et al., 2015) . Whether monocytes in at-risk individuals are more susceptible to activating stimuli is currently unknown.
Oxidative stress, as imposed by cigarette smoking, is a core risk factor for atherosclerosis (Fearon and Faux, 2009) . ROS can damage proteins, carbohydrates, lipids, and DNA, but also function as second messengers to alter protein kinases, phosphatases, phospholipases, and transcription facAbnormal glucose metabolism and enhanced oxidative stress accelerate cardiovascular disease, a chronic inflammatory condition causing high morbidity and mortality. Here, we report that in monocytes and macrophages of patients with atherosclerotic coronary artery disease (CAD), overutilization of glucose promotes excessive and prolonged production of the cytokines IL-6 and IL-1β, driving systemic and tissue inflammation. In patient-derived monocytes and macrophages, increased glucose uptake and glycolytic flux fuel the generation of mitochondrial reactive oxygen species, which in turn promote dimerization of the glycolytic enzyme pyruvate kinase M2 (PKM2) and enable its nuclear translocation. Nuclear PKM2 functions as a protein kinase that phosphorylates the transcription factor STAT3, thus boosting IL-6 and IL-1β production. Reducing glycolysis, scavenging superoxide and enforcing PKM2 tetramerization correct the proinflammatory phenotype of CAD macrophages. In essence, PKM2 serves a previously unidentified role as a molecular integrator of metabolic dysfunction, oxidative stress and tissue inflammation and represents a novel therapeutic target in cardiovascular disease.
The glycolytic enzyme PKM2 bridges metabolic and inflammatory dysfunction in coronary artery disease Tsuyoshi Shirai, 1 Rafal R. Nazarewicz, 1,4 Barbara B. Wallis, 1 Rolando E. Yanes, 1 Ryu Watanabe, tors (Liu et al., 2005) . H 2 O 2 imposes its regulatory control through reversible oxidization of cysteine residues. ROS are an inevitable byproduct of the mitochondrial electron transfer and, as such, directly relate to metabolic activity (Korge et al., 2008) . Immune cells, including macrophages, depend on glycolysis as a major energy source (O'Neill and Hardie, 2013; Colegio et al., 2014; Huang and Pearce, 2014) . In recent studies, metabolic intermediates have been suggested to regulate IL-1β production in macrophages, e.g., succinate stabilizes hypoxia-inducible factor-1α (HIF-1α), driving production of IL-1β, but not IL-6 or TNF (Tannahill et al., 2013) . Importantly, the glycolytic enzyme pyruvate kinase M2 (PKM2) also controls HIF-1α activity, and thus IL-1β induction (Palsson-McDermott et al., 2015) . Glucose metabolism of lesion-residing macrophages is up-regulated, such that atherosclerotic lesions can be visualized by positron emission tomography using 18F-fluorodeoxyglucose (Rudd et al., 2002) . Abnormal glucose metabolism is a core aspect of metabolic syndrome; a cluster of conditions associated with high risk for heart disease, stroke and diabetes (Grundy et al., 2004) . Here, we directly implicate excess glucose utilization in pathogenic monocyte and macrophage functions and chronic inflammation. We find that monocytes from CAD patients are prone to differentiate into IL-6 and IL-1β-producing effector cells, and maintain this property as they differentiate into macrophages. This hyperinflammatory state is mechanistically dependent on glycolytic activity and glucose-induced ROS production by the mitochondria. ROS production within macrophages changes the oligomeric assembly of the redox-sensing enzyme PKM2, enabling its nuclear import and phosphorylation of STAT3, to promote IL-6 and IL-1β production. Our results indicate that PKM2 is a previously unidentified pinnacle checkpoint that connects glucose overutilization to inflammatory effector functions, marking this metabolite and nuclear kinase as a novel therapeutic target to correct aberrant inflammatory immune responses in atherosclerosis.
RES ULTS Circulating monocytes in CAD patients are hyperinflammatory
To understand how monocytes and macrophages contribute to inflammatory pathology in CAD, we analyzed the distribution of monocyte subsets in CAD patients and age-matched healthy individuals. Patients had reduced frequencies of classical CD14 ++
CD16
-monocytes, and instead expanded the intermediate CD14 ++ CD16
+ subset (Fig. 1, A and B) . Elevated numbers of intermediate monocytes have been proposed to predict cardiovascular events (Rogacev et al., 2012) . The relatively small population of nonclassical monocytes was similar in both study cohorts.
Gene expression profiling of freshly isolated monocytes revealed that patient-derived cells were poised to produce IL-6 and IL-1β, as well as the chemokine CCL18 (Fig. 1 C) . To investigate how the shift in monocyte subsets and the altered gene expression in patient-derived cells may  ultimately impact macrophage effector functions, we isolated  CD14   ++   CD16  -and CD14   ++   CD16 + cells by fluorescence-activated cells sorting, differentiated them into macrophages and analyzed their cytokine production. As shown in Fig. 1 D, macrophages originating from the intermediate monocyte population produced significantly higher amounts of IL-1β, IL-6, and TNF, confirming that these cells are biased toward inflammatory effector functions.
Hyperinflammatory CAD M1 macrophages produce excess IL-6 and IL-1β
In the atherosclerotic plaque, monocytes recruited from the circulation differentiate into macrophages in response to local macrophage colony-stimulating factor before they display their proatherogenic functions (Hansson and Libby, 2006) . To test whether reprogrammed CAD monocytes memorize their bias toward inflammatory cytokine production upon entering the tissue space, we first compared ex vivo-differentiated macrophages from patients and controls. Macrophages were polarized toward the M1 or M2 phenotype and gene expression profiles were analyzed (Fig. 2 A) . Patient-specific signatures in M1 macrophages, defined as a greater than fourfold difference in gene expression, included the proinflammatory cytokines IL-6 and IL-1β, the chemokine CCL18, and multiple chemokine receptors (CCR1, CCR2, CXCR4, CCR7, and CCR5). Expression of IL-6 and IL-1β was markedly increased in CAD patients, but TNF expression was indistinguishable between cases and controls. Krüppel-like factor 2 and 4, negative regulators of inflammatory genes (Mahabeleshwar et al., 2011) , were significantly down-regulated in patient-derived cells. Similar to the findings in monocytes (Fig. 1 C) , expression of NAD(P)H:quinone oxidoreductase1, a target gene of the ROS-sensitive transcription factor NF-E2-related factor 2 (Itoh et al., 2010) , was strikingly increased in patient macrophages, suggesting that the cells are under oxidative stress.
The cytokine production potential was confirmed by staining of intracellular cytokine stores. Macrophage activation induced down-regulation of CD14 (Fig. 2 B) . In healthy individuals, CD14 low macrophages accounted for 20-30%, but in CAD patients, the CD14 low population was doubled in resting and stimulated populations (Fig. 2 C) . Cytokine production was predominantly a feature of CD14 low CD11b high CD16 low cells (Fig. 2 D) . TLR4 expression was similar in all macrophage populations (unpublished data).
Macrophages poised to produce IL-6 and IL-1β were markedly increased in CAD patients (Fig. 2 , E and F), confirming the gene expression data. Kinetic studies after stimulation demonstrated significantly higher frequencies of IL-1β-producing macrophages in the patients at 6 h. Differences in control and CAD macrophages were most pronounced for IL-6, an important biomarker of cardiovascular risk (Ridker et al., 2000) . Less than 20% of stimulated healthy macrophages synthesized IL-6 (Fig. 2 G) . Conversely, CAD macrophages rapidly produced IL-6, with 30-40% of stimulated cells laden with IL-6 protein. Frequencies of TNF + macrophages were indistinguishable in patients and controls. Cytokine production by CD14 high macrophages was similar in all study cohorts. To control for the possible effect of medications frequently taken by CAD patients, we recruited healthy individuals taking aspirin, statins, β-blockers, or ACE inhibitors. Frequencies of IL-1β-, IL-6-, or TNF-producing macrophages were essentially unaffected by exposure to such drugs (Fig. 2 H) . Macrophages were cultured in relevant doses of aspirin, lisinopril, simvastatin, or metoprolol, and none of these drugs increased IL-6 and IL-1β production beyond the level of untreated cells (unpublished data).
In essence, monocytes in CAD patients are committed to the production of proinflammatory cytokines, and most of the abnormalities persist once cells have differentiated into macrophages. In macrophages, excess cytokine production is selective for IL-6 and IL-1β, whereas TNF production is indistinguishable in CAD and controls.
IL-6-producing macrophages in CAD
To seek for a role of + macrophages in the disease process, we first localized IL-6-containing tissue macrophages in the atherosclerotic plaque (Fig. 3 A) . Also, the frequency of IL-6 + macrophages induced ex vivo correlated with high-sensitivity CRP measurements in the donor patient (Fig. 3 B) , suggesting that IL-6 release by such effector cells contributes to the systemic inflammatory syndrome of CAD. Correlative studies of the frequencies of IL-6 + macrophages in individual patients with clinical parameters demonstrated significantly higher frequencies in patients that had diabetes mellitus type 2, hypertension, or hyperlipidemia, all considered risk factors for coronary events (Fig. 3, C and D) . Most importantly, frequencies of IL-6 + macrophages increased progressively with the presence of one, two, or three comorbidities, suggesting additive effects of each risk factor.
Excess IL-6 and IL-1β generation is ROS dependent NAD(P)H:quinone oxidoreductase 1 up-regulation in CAD monocytes and macrophages suggested increased oxidative stress ( Fig. 1 C and Fig. 2 A) , which was confirmed by quantification of intracellular ROS levels (Fig. 4 , A-C). Compared with healthy controls, CAD monocytes generated significantly higher ROS concentrations in resting as well as activated cells (Fig. 4 A) . In patient-derived macrophages, ROS levels were doubled compared with controls (Fig. 4 , B and C). To examine the relationship between aberrant ROS generation and cytokine production, cells were pretreated with the superoxide dismutase mimetic Tempol (Wilcox, 2010) . Scavenging superoxide reduced IL-6 and IL-1β production, whereas TNF remained unaffected (Fig. 4, D and E). These data implicated superoxide or one of its products, such as peroxynitrite, in promoting macrophage inflammatory effector functions.
ROS derive from several cellular sources, foremost nicotinamide adenine dinucleotide phosphate-oxidases (NOX) and mitochondria (Nathan and Cunningham-Bussel, 2013) . NOX2 is the predominant isoform in human macrophages (Fig. 4 F) . Neither NOX2 knockdown by RNA interference (Fig. 4 , G and H) nor NOX2 assembly inhibition by gp91dstat (Rey et al., 2001; Fig. 4 I) affected cytokine production; eliminating NOX-derived ROS as relevant in regulating the inflammatory phenotype of CAD macrophages. Pretreatment with Mitotempo, a mitochondria-target ROS scavenger (Dikalova et al., 2010) , significantly reduced the frequencies of IL-6-and IL-1β-producing macrophages without changing TNF production (Fig. 4 , J and K), suggesting that mitochondria control the inflammatory behavior of macrophages in cardiovascular disease.
Glucose fuels the excess ROS production Cellular ROS are a byproduct of the mitochondrial respiratory chain, conveying signals from multiple substrates, including glycolysis-derived pyruvate. We deprived the cells of Values are mean ± SEM. *, P < 0.05; **, P < 0.01.
glucose using 2-deoxy-glucose (2-DG), a glucose analogue that inhibits hexokinase and phosphoglucose isomerase (Ralser et al., 2008) . 2-DG treatment for 6 h did not affect the viability of macrophages, but significantly decreased IL-6 and IL-1β production, whereas TNF appeared to be glucose independent (Fig. 5 , A, B, and E). Similarly, removal of exogenous glucose attenuated IL-6 and IL-1β, but not TNF, induction (Fig. 5, C and D) . Glucose restriction (2-DG) and ROS scavenging (Tempol) effectively diminished IL-6 and IL-1β transcripts concentrations (Fig. 5 F) , suggesting that ROS interfere with transcriptional regulation of cytokines.
To test whether monocytes and macrophages of CAD patients are prone to use more glucose, glucose uptake was quantified in resting and activated monocytes (Fig. 5 G) and in resting and activated macrophages (Fig. 5 H) . Glucose uptake was significantly enhanced in patient-derived cells. To mechanistically link glucose uptake and ROS production, we measured mitochondrial ROS (mtROS) with the mitochondria-targeted MitoSOX probe (Fig. 5 I) . Levels of mtROS were directly correlated to the dose of glucose taken up by the cell (Fig. 5 I) .
Higher mitochondrial activity in CAD monocytes and macrophages was confirmed by Seahorse extracellular flux assays (Fig. 6 ). Oxygen consumption rates (OCRs) and extracellular acidification rates (ECARs) were analyzed 3 h after stimulation with LPS/IFN-γ, timed such that mitochondrial function was assessed while the cells were producing cytokines. Activated CAD monocytes and macrophages were distinguished from control cells by significantly higher OCR. After uncoupling, patient-derived cells were able to use oxygen much more effectively than controls (Fig. 6 , A and D), which is indicative of a higher respiratory reserve capacity and suggests the presence of adaptive mechanisms preparing the mitochondria for higher substrate load. In parallel, patient-derived cells had up-regulated glycolytic flux and generated more lactate, as indicated by higher ECAR (Fig. 6 , B and E). Because both ECAR and OCR were elevated in patients, the ECAR/OCR ratio was indistinguishable between cases and controls (Fig. 6, C and F) .
These results identified glucose uptake as an upstream event in the functional abnormalities of CAD monocytes and macrophages and mechanistically linked excess glucose utilization and tight coupling of the mitochondrial electron transport chain to oxidative stress.
CAD macrophages overexpress the glycolytic enzyme PKM2
Gene expression profiling revealed that M1 polarized macrophages from CAD patients overexpressed eight genes required for glucose uptake and breakdown (PKM2, GLUT3, PDK1, PFK FB3, HK2, PGK1, PFK1, and GLUT1; Fig. 7 A), as well as the two glycolytic master regulators c-Myc and HIF-1α. In M2-polarized cells from patients and controls, glycolysis-related genes were low in abundance and expressed at indistinguishable levels between the two groups. Based on transcript levels, GLUT1 was by far the dominant glucose transporter in macrophages, followed by a fivefold lower transcript level for GLUT3. Essentially, no transcripts were found for the insulin-dependent GLUT4 transporter or GLUT2 (Fig. 7 B) .
PKM2, one of the isoforms of the enzyme that catalyzes the final step of glycolysis and converts phospho- , and 24 h. Cells were then loaded with CellROX Deep Red and intracellular ROS levels were analyzed by flow cytometry. Representative dot plots (B) and MFI from macrophages of n = 7 healthy controls and n = 7 CAD patients (C) are shown. (D and E) CAD macrophages were stimulated for 6 h under M1-polarizing conditions in the absence (red) and presence (green) of the ROS scavenger Tempol (50 µM) and intracellular cytokines were measured by flow cytometry. (F) Total RNA was purified from ex vivo-generated macrophages, and expression of NOXs was measured by qRT-PCR (n = 3). (G) Macrophages were transfected with either siControl RNA or siNOX2 RNA, and total RNA was purified at the indicated times. NOX2 expression was measured by qRT-PCR (n = 3). (H) CAD macrophages were transfected with control or NOX2 siRNA and intracellular cytokines were measured by flow cytometry after 6 h of stimulation (n = 5). (I) CAD macrophages were stimulated in the absence and presence of gp91dstat (50 µM). Intracellular cytokines were measured by flow cytometry (n = 5). (J and K) CAD macrophages were treated with or without Mitotempo (20 µM). Intracellular cytokines were analyzed after 6 h of stimulation (n = 6). All data are mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. enolpyruvate (PEP) to pyruvate (Noguchi et al., 1986) , is typically expressed in tumor cells (Christofk et al., 2008a) . We found that PKM2 is also the dominant isoform in human macrophages (Fig. 7 C) . Confocal microscopy demonstrated abundant expression of PKM2 protein in control macrophages and even higher levels in CAD macrophages (Fig. 7 D) . Healthy cells contained an evenly distributed pattern of cytoplasmic PKM2. In CAD macrophages, however, PKM2 assembled in a punctate pattern, with perinuclear dominance and nets distributed throughout the nucleus. Quantification of the nuclear signal demonstrated that CAD nuclei consistently contained more PKM2 protein than control cells (Fig. 7, D 
and E).
To verify the importance of PKM2 in CAD, we evaluated PKM2 expression in atheromatous lesions. PKM2 was found in all atherosclerotic plaques, almost entirely localizing to CD68 + macrophages (Fig. 7 F) . These data identified PKM2 as a constitutive element in atheroma-related macrophages and raised the question of the enzyme's cytoplasmic versus nuclear functions.
PKM2 dimerization in CAD monocytes and macrophages PKM2 can change its oligomeric status, ranging from metabolically low-activity monomeric and dimeric forms to metabolically high-activity tetrameric forms. Among glycolytic enzymes, the oligomeric PKM2 stands out as a redox-sensitive Figure 5 . Glucose deprivation disrupts proinflammatory effector functions and ROS production. M0 macrophages were generated from CAD patients, stimulated with LPS/IFN-γ for 6 h and intracellular cytokines were measured by flow cytometry. Glycolytic activity was suppressed with 10 mM of 2-DG (A and B) or glucose-free medium (C and D). Representative histograms of intracellular cytokine stains and frequencies of cytokine-producing macrophages from five independent experiments are shown. (E) CAD macrophages were stimulated with LPS and IFN-γ for 6 h in the absence or presence of 10 mM of 2-DG. Macrophages were then stained with 7-AAD and viability of cells was measured by flow cytometry. Representative histograms from four independent experiments are shown. (F) CAD macrophages were stimulated with LPS and IFN-γ for 6 h in the absence or presence of 10 mM of 2-DG or 50 µM of Tempol. Expression of IL-1β and IL-6 was measured by qRT-PCR (n = 4). (G) Glucose uptake in monocytes was measured using the fluorescence-labeled glucose analogue, 2-NBDG. Summarized MFI from 12 independent experiments are shown. (H) Glucose uptake in macrophages was measured using the 2-NBDG. Summarized MFI from 10 independent experiments are shown. (I) Macrophages from CAD patients were stimulated for 4 h, and loaded with 5 µM of MitoSOX to quantify mtROS levels. Data represent ΔMFI compared with resting cells from four independent experiments. All data are mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. molecule (Anastasiou et al., 2011) . Dimeric PKM2 has low pyruvate kinase activity and, in cancer cells, can enter the nucleus (Gao et al., 2012) , whereas tetrameric PKM2 is highly active in converting PEP to pyruvate. In contrast to murine macrophages, in which monomers are the predominant isoform (Palsson-McDermott et al., 2015) , human monocytes and macrophages mostly contain dimeric PKM2 (Fig. 8,  A-D) . In control monocytes, PKM2 protein levels were low, with no detectable tetramers. In contrast, CAD monocytes spontaneously contained PKM2 expression levels, which were doubled, most of the protein in dimeric form (Fig. 8,  A and B) . PKM2 protein expression was markedly higher in macrophages (Fig. 8, C and D) . Resting CAD macrophages had detectable PKM2 tetramers, which were lost after activation. Also, monomeric PKM2 was barely detectable in healthy macrophages, but was present in CAD macrophages (Fig. 8 C) . Consistently, CAD monocytes and macrophages possessed significantly higher amounts of dimeric PKM2 compared with control cells (Fig. 8, B and D) . Parallel to the activation-induced ROS increase (Fig. 4, B and C) , LPS/ IFN-γ stimulation shifted PKM2 into the nucleus, as demonstrated by confocal microscopy and Western blotting (Fig. 8 , E-G). ROS scavenging prevented the enzyme's nuclear import. Impairing glycolytic activity with 2-DG essentially trapped PKM2 in the cytoplasm (Fig. 8 G) . Thus, ROS induced by macrophage activation promptly changed the molecule's oligomeric state, down-regulating metabolically active tetramers. Conversely, Tempol or 2-DG treatment stabilized the tetrameric configuration, prevented dimerization, and effectively blocked nuclear translocation (Fig. 8 H) .
To examine the impact of PKM2's oligomeric status on cytokine production, we enforced PKM2 tetrameric assembly with the small molecule ML265 (Walsh et al., 2010) , which excludes the enzyme from the nucleus (Fig. 8, I and J). ML265 significantly suppressed production of IL-6 and IL-1β, but not of TNF. These results linked the inflammatory phenotype of CAD macrophages to PKM2's oligomeric state and subcellular localization and implicated glucose utilization and ROS in regulating the dimer/tetramer ratio of the enzyme.
Glycolysis and ROS promote STAT3 phosphorylation via PKM2 dimerization
The selectivity for IL-6 and IL-1β, but not TNF, guided the search for mechanisms downstream of PKM2 nuclear translocation. PKM2 directly interacts with HIF-1α, promoting transactivation of HIF-1 target genes (Luo et al., 2011) . Consistent with Tannahill et al. (2013) , HIF-1α inhibition reduced IL-1β, but IL-6 and TNF production were unaffected (Fig. 9 A) , eliminating HIF-1α as the main regulator of IL-6 and IL-1β in CAD macrophages. IL-6 and IL-1β promoters share binding sites for STAT3, which is not implicated in TNF transcription in macrophages (Samavati et al., 2009) . In cancer cells, dimeric PKM2 can use PEP as a phosphate donor to phosphorylate tyrosine residues in STAT3 (Gao et al., 2012; Yang et al., 2014b Yang et al., , 2015 . To explore STAT3's role in glycolysis-driven and ROS-induced maldifferentiation, we assessed STAT3 phosphorylation under M1-polarizing conditions. M1 stimulation clearly induced phosphorylation of STAT3 at Y705 (Fig. 9 B) , and treatment with a STAT3-specific phosphorylation inhibitor, Stattic (McMurray, 2006) , significantly reduced IL-6 and IL-1β (Fig. 9, C and D) . Removal of ROS or restriction of glycolytic breakdown effectively interfered with pSTAT3 accumulation (Fig. 9, E-G) , verifying the role of ROS and glucose metabolism in STAT3 activation.
To test whether PKM2 dimerization affected STAT3 phosphorylation, we forced PKM2 into tetrameric assembly with ML265. Preventing PKM2 dimerization reduced STAT3 phosphorylation (Fig. 9, H and I) . To visualize the physical association of PKM2 and pSTAT3, we used the proximity ligation assay (PLA). In resting M0 cells, PKM2 and pSTAT3 did not co-localize, but came together exclusively in the nucleus after LPS/IFN-γ stimulation (Fig. 9 J) . ROS scavenging (Tempol), slowing glycolysis (2-DG), and preventing PKM2 dimer formation (ML265) were all highly effective in preventing nuclear PKM2-pSTAT3 co-localization (Fig. 9 K) .
DIS CUS SION
Macrophages are key pathogenic drivers of vascular disease; they produce inflammatory cytokines, inflammation-accelerating chemokines, tissue-damaging proteases, and ROS. The current study demonstrates that monocytes and macrophages from CAD patients maldifferentiate and respond to M1-polarizing conditions with a hyperinflammatory phenotype. Gene expression studies (Fig. 2 A) identified a signature consisting of a cluster of cytokines and oxidative stress markers, which predicted that these innate immune cells are unable Figure 7 . Overexpression of the glycolytic enzyme PKM2 in CAD macrophages. (A) Ex vivo-generated macrophages from five controls and five CAD patients were stimulated with LPS/IFN-γ (M1) or IL-4/IL-13 (M2) for 48 h and genes related to glucose metabolism were quantified by RT-PCR. Heat map displays the fold change increase of gene expression presented as the log 2 value of relative mRNA expression (see color scale). (B) Total RNA was purified from macrophages, and expression of the glucose transporters GLUT1-4 was measured by qRT-PCR (n = 3). (C) Gene expression of the PKM1 and PKM2 isoforms in CAD macrophages was assessed by RT-PCR in three independent experiments. (D) Confocal images were acquired in ex vivo-generated macrophages stimulated with LPS/IFN-γ for 3 h and stained with anti-PKM2 (green). Nuclei were localized by DAPI (blue). Bars, 20 µm. (E) Bar graph represents averaged data from experiments quantifying the fluorescent signal within nuclei (n = 4 healthy controls and n = 7 CAD patients). All data are mean ± SEM. **, P < 0.01. (F) Frozen sections of carotid atheromas were stained with anti-PKM2 (green), anti-CD68 (red), and DAPI (blue) and analyzed by fluorescence microscopy. One representative of four independent experiments is shown. Bars, 100 µm; (inset) 20 µm. Figure 8 . Dimeric PKM2 in inflammatory CAD monocytes and macrophages. (A) Monocytes from healthy controls and CAD patients were activated with LPS/IFN-γ. Cells were treated with 5 mM of di-succinimidyl suberate for 30 min before lysis, and protein extracts were analyzed by immunoblotting to identify oligomeric forms of PKM2. (B) Bar graph represents averaged data from n = 8 healthy controls and n = 9 CAD patients. (C) Macrophages from healthy controls and CAD patients were stimulated with LPS/IFN-γ, and protein extracts were analyzed by immunoblotting to identify oligomeric forms of PKM2. GAP DH was used as a loading control. (D) Bar graph represents averaged immunoblot data from seven independent experiments. (E) CAD macrophages were stained with anti-PKM2 (green) as indicated. Aliquots were treated with Tempol (50 µM) or 2-DG (10 mM). Distribution of PKM2 was analyzed by confocal microscopy. Nuclei were localized by DAPI (blue). Bar, 50 µm. (F) The bar graphs represent averaged data of the fluorescent signal within the nucleus (n = 5-6). (G) Nuclear protein extracts from CAD macrophages were analyzed by immunoblotting to identify PKM2. Lamin A/C was used as loading control. One representative of two independent experiments is shown. (H) Tetrameric assemblies of PKM2 were resolved by immunoblotting protein extracts of CAD macrophages prepared under nonreducing conditions. Aliquots were stimulated in the presence of Tempol or 2-DG. One representative of three independent experiments is shown. (I and J) PKM2 dimerization was inhibited in CAD macrophages by treating with ML265 (50 µM). Intracellular cytokines were measured by flow cytometry. Representative histograms (I) and summary of 8 independent experiments (J) are shown. Values are mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Figure 9 . PKM2 regulates inflammatory effector functions via phosphorylation of STAT3. (A) CAD macrophages were stimulated for 6 h with or without the HIF-1α inhibitor CAS 934593-90-5 (10 µM). Intracellular cytokines were measured by flow cytometry in n = 5 experiments. (B) CAD macrophages were stimulated for 0, 3, and 24 h, and phosphorylation of STAT3 (Y705) was analyzed by flow cytometry. One representative of 3 independent experiments is shown. (C and D) CAD macrophages were stimulated for 6 h with or without the STAT3 inhibitor Stattic (5 µM) and intracellular cytokines were measured by flow cytometry. Representative histograms and results from 7 independent experiments are shown. (E-G) pSTAT3 was quantified by flow cytometry in CAD macrophages 3 h after stimulation in the absence or presence of Tempol (E; n = 5), 2-DG (F; n = 5), or glucose-free medium (G; n = 6). The fold change in MFI is plotted. (H and I) CAD macrophages were treated with ML265, stimulated and analyzed for pSTAT3 by flow cytometry. Representative histograms and results from 5 independent experiments. (J) Co-localization of pSTAT3 and PKM2 analyzed by confocal microscopy. Resting (M0) or M1-stimulated CAD macrophages in the absence (M1) and presence of Tempol, 2-DG, or ML265, were stained with anti-pSTAT3 and anti-PKM2. Close proximity (<40 nm) of pSTAT3 and PKM2 produces a red fluorescent signal. The blue signal indicates DAPI-stained nuclei. Bar, 50 µm. (K) Quantification of the fluorescent signal produced by pSTAT3/PKM2 co-localization (n = 4). Values represent mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. to properly detoxify ROS. Both patient-derived monocytes and macrophages produce excessive amounts of IL-6 and IL-1β. Circulating monocyte populations in CAD patients were characterized by a more than threefold expansion of the CD14 ++ CD16
+ intermediate population, which was poised for IL-6 and IL-1β production, and the abnormality persisted as the cells matured into macrophages, consistent with a defect that affects monocytic cells relatively early in their life cycle. Molecular studies implicated the glucose-ROS-PKM2-STAT3 pathway, in which glucose overutilization leads to unbalanced ROS generation (Fig. 5 I) and the redox-sensitive enzyme PKM2 transitions from the cytoplasm into the nucleus (Fig. 8, E-G) . Nuclear PKM2 functions as a protein kinase, activates STAT3, and drives IL-6 and IL-1β transcription in a pSTAT3-dependent manner (Fig. 9, C, D , and H-K). Thus, hyperinflammatory macrophage reactivity is rooted in nutrient oversupply, compatible with gene-environment interactions that ultimately lead to host-damaging immune responses. This study identifies a new paradigm in human atherosclerosis, where PKM2 acts as a master regulator and the glucose-ROS-PKM2-STAT3 axis provides entirely new opportunities for antiinflammatory interventions in cardiovascular disease.
Individuals with diabetes or with prediabetic metabolic abnormalities are at high risk for aggressive atherosclerotic disease (Selvin et al., 2004) . Glycemic control is recognized as effective in preventing microvascular complications (Fox et al., 2015) . The benefit of reducing blood glucose levels for prevention of macrovascular disease is more nuanced, with an overall modest but statistically significant reduction in major cardiovascular disease outcomes (Ray et al., 2009; Boussageon et al., 2011) . Here, we provide a molecular framework connecting glucose overutilization to deleterious inflammatory effector functions committed by monocytes and macrophages. In tissue studies, we found that atheroma-residing macrophages almost all express high levels of PKM2 (Fig. 7 F) . CAD macrophages had a signature of parallel activation of glucose transporters and genes mediating glycolytic breakdown (Fig. 7 A) . Remarkably, pyruvate dehydrogenase kinase was part of the transcriptional program, signifying a decoupling of glycolysis from the glutamine-fueled TCA cycle and essentially removing CAD macrophages from physiological control mechanisms. We further demonstrated that 2-DG, which starves cells of glucose, is a highly effective intervention to normalize CAD macrophage cytokine production (Fig. 5, A and B) . ROS scavenging and enforcing PKM2 tetramerization were partially successful, suggesting that the pinnacle abnormality lies in glucose oversupply of the cells. Indeed, even resting monocytes and macrophages of CAD patients over-use glucose (Fig. 5, G and H) , strongly supporting the notion that excess availability of glucose is a fundamental defect. Glucose utilization fueling cytokine production was selective for IL-6 and IL-1β, and excluded TNF, in line with a lack of clinical benefit from TNF blockade in CAD patients. Interference with glycolysis and ROS production left TNF unaffected, indicative of separate regulatory networks for the proinflammatory cytokines. Notably, TNF behaved differently from IL-6 and IL-1β, in that TNF production was higher in CAD monocytes, but indistinguishable in macrophages from cases and controls.
A second defect in CAD macrophages lies in the breakdown of PKM2-controlled negative feedback mechanisms. PKM2 exerts check point control of cellular energy levels, redox homeostasis, production of secretable biomass and cellular proliferation. To integrate these functions, the enzyme has pleotropic capabilities and, in CAD macrophages, several of its functional activities are critically involved in converting host-protective immune cells into injurious effector cells. Physiologically, PKM2 hyperactivity is disrupted by negative feedback regulation, readapting the cell's glycolytic activity to its needs. Our current data indicate that this mechanism is malfunctioning in CAD macrophages. Normally, posttranslational PKM2 modifications shift the equilibrium between high-activity tetramers and low-activity dimers. PKM2 phosphorylation at Y105 inhibits tetramer formation by causing the release of fructose 1,6-bisphosphate (Christofk et al., 2008b; Hitosugi et al., 2009) . High glucose concentration stimulates PKM2 acetylation, which decreases enzyme activity, promotes lysosomal-dependent degradation via chaperone-mediated autophagy (Lv et al., 2011) , and leads to nuclear loading with monomeric and dimeric PKM2 (Lv et al., 2013) . Intracellular ROS oxidize PKM2 at C358 (Anastasiou et al., 2011) . Succinyl-5-aminoimidazole-4-carboxamide-1-ribose-5′-phosphate binding induces nuclear import and protein kinase activity of PKM2 (Keller et al., 2014) . In human monocytes and macrophages, the major oligomeric status of PKM2 is the dimer (Fig. 8, A and C) , which is different from the dominance of monomers in mouse cells (Palsson-McDermott et al., 2015) and suggests species-specific regulatory mechanisms. In human macrophages, monomers and tetramers disappear and PKM2 transitions into the nucleus after stimulation (Fig. 8, C and E-G). Inhibition of glycolysis by 2-DG and scavenging ROS by Tempol suppress these changes, implying that oxidation-dependent PKM2 modification is necessary for its nuclear import. Given that dimeric PKM2 appears to be the dominant form of PKM2 in human macrophages, it is unlikely that dimerization alone is sufficient to enable nuclear import. Further studies need to explore why negative feedback mechanisms seem to fail in CAD cells, permitting glycolysis to progress unopposed. One possibility is that dimeric PKM2 acts in a positive feed-forward loop, enhancing the glycolytic machinery by bolstering c-Myc and HIF-1α. Also, PKM2 dimerization, by funneling glucose into the pentose phosphate pathways, enhances availability of biosynthetic precursor molecules required for cytokine synthesis. In essence, PKM2 dimerization directly and indirectly feeds the pathogenic behavior of inflammatory macrophages (Yang et al., 2014a) .
One remarkable finding of the current study was the persistence of differences in metabolic and cytokine regu-lation from monocytes to ex vivo-matured macrophages, compatible with patient-specific differences in epigenetic imprinting. Macrophages clearly memorized the metabolic reprogramming of their precursor cells. Recent data show that monocytes can build immunological memory via epigenetic reprogramming, and epigenetic pathways are now considered as potential therapeutic targets in atherosclerosis (Neele et al., 2015) . Exposure of monocytes to oxidized low-density lipoprotein induces histone modifications that result in a long-lasting proinflammatory phenotype (Bekkering et al., 2014) . Also, smoking, one of the strongest risk factors for CAD, is associated with DNA methylation (Reynolds et al., 2015) . Notably, PKM2 is required for dissociation of histone deacetylase 3 from the Myc promoter , which implies a role in epigenetic regulation of macrophage polarization (Ivashkiv, 2013) .
The unexpected finding of this study was the critical role of ROS in regulating cytokine production and, more importantly, that ROS were derived from the mitochondria and not from NOX2, a quintessential ROS source in phagocytic cells (Fig. 4, H and I ). This does not discount the role of NOX2 in other pathological conditions. Indeed, we have recently shown a critical role of this subunit in immune activation of myeloid-derived dendritic cells, where it seems critical in lipid oxidation and formation of immunogenic isoketal-protein adducts (Kirabo et al., 2014; Wu et al., 2015) . There is also evidence of substantial interplay between the NOX and mtROS production, such that one can enhance the other in a feed-forward fashion.
The coexistence of high glycolytic flux and PKM2 dimerization and the inability of the cells to rebalance their redox homeostasis suggest additional defects, possibly connected to control of mitochondrial function or perturbations of ROS scavenging. Decreased formation of metabolically active PKM2 should divert glucose into the pentose phosphate pathway and provide reducing potential to detoxify ROS. In CAD macrophages, even chronically elevated ROS concentrations are insufficient to disrupt further glycolytic flux. Also, the elevation of intracellular ROS in nonstimulated cells emphasizes that the redox balance is fundamentally flawed.
Scavenging mtROS had antiinflammatory effects and glucose feeding directly induced mtROS formation. Overexpression of the GLUT1 enhances ROS production in RAW264.7 macrophages, identifying glucose supply as a critical factor in setting mitochondrial activity (Freemerman et al., 2014) . Recent studies have molecularly connected oxidative stress and proinflammatory cytokine production with mtROS functioning as signal-transducing molecules that up-regulate inflammatory cytokines via distinct molecular pathways (Naik and Dixit, 2011; Jin et al., 2014; Wang et al., 2014) . Elevated mtROS levels correlate with persistent activation of JNK and p38 in periodic fever syndromes (Bulua et al., 2011) . Also, divergent inflammasome-dependent pathways have been implicated in cytokine production regulated by mitochondrial dysfunction (Nakahira et al., 2011; Zhou et al., 2011) . Analysis of mitochondrial respiration and of extramitochondrial glycolysis revealed a robust up-regulation of both energy-generating pathways in patient-derived cells. The defect was present in monocytes and maintained in macrophages. Although the poststimulation enhancement of glycolytic flux was expected, the persistently high oxygen consumption in patient-derived cells was indicative of continuously high mitochondrial activity and a failure to properly balance extramitochondrial and mitochondrial energy production. Further evidence for mitochondrial dysfunction came from uncoupling experiments, which revealed a robust respiratory reserve capacity in patient-derived cells. Insufficient uncoupling is a primary mechanism driving mtROS production and essentially indicates that mitochondria in CAD cells have lost a major protective mechanism. Possible causes include chronic glucose overload, in line with the surplus glucose uptake shown in Fig. 5 and the up-regulation of glucose transporters shown in Fig. 7 . The defect was present in nondiabetic patients, eliminating elevated blood glucose as the sole cause. Persistent up-regulation of the glucose transporters and the glycolytic machinery suggest a fundamental abnormality in glucose handling. Also, molecular studies are needed to explore the underlying defects that allow the cells to tightly couple respiration with ATP generation and weaken physiological protection mechanisms. To date, molecular evidence for mitochondrial damage in CAD monocytes and macrophages is lacking.
Direct proinflammatory effects of glucose are difficult to distinguish from general energy needs that immune cells have; the distinction will require direct and detailed comparisons of healthy and patient-derived cells. Glycolytic activity supports de novo synthesis of fatty acids in dendritic cells, 2-DG reduces protein synthesis because of insufficient ER/Golgi formation, and glycolysis alters the posttranslational regulation of IL-6, IL-12, and TNF (Everts et al., 2014) . In CAD macrophages, both Tempol and 2-DG suppressed, but did not abrogate IL-6 and IL-1β transcription, suggesting that ROS/ glucose-dependent cytokine production can be therapeutically targeted without threatening the cell's survival. Tannahill et al. (2013) have implicated a succinate-dependent mechanism in regulating IL-1β, but not IL-6 or TNF production through a direct stabilizing effect of succinate on HIF-1α, which in turn functions as a transcriptional coactivator specifically for IL-1β, but not IL-6. In contrast, macrophages from CAD patients maldifferentiate into IL-6 and IL-1β-producing effector cells (Fig. 2, E-G) . In this pathology, IL-6 holds particular relevance, as it dovetails with epidemiological studies identifying IL-6 as a robust biomarker for cardiovascular risk (Ridker et al., 2000) . IL-6 also provides important signals to T cells, driving them from the antiinflammatory T regulatory phenotype to IL-17-producing cells (Korn et al., 2008) . In human atherosclerosis, IL-6 appears to hold a pinnacle role among other proinflammatory cytokines.
A limitation of the current study is the use of human samples, donated by healthy individuals and patients. Al-though we rigorously matched for age and sample handling, we did not match for medications or for diet. The persistence of the functional abnormalities in macrophages during ex vivo culture made an acute drug effect unlikely. To further examine whether drugs used in CAD management could prime monocytes to develop into proinflammatory macrophages, we studied cells from healthy individuals, who were taking such medications (aspirin, statins, β-blockers, and ACE inhibitors; Fig. 2 H) and did not observe an impact on cytokine production. Also, such medications have been considered to have antiinflammatory, and not proinflammatory, effects.
Our study has potential implications for the treatment of CAD and its associated inflammation. Interventions targeting lipids reduce acute coronary events, but have marginal effects on atheroma volume (Libby, 2013) . Lipid-lowering therapies may confer plaque stabilization, trumping mechanical interventions that reduce luminal stenosis without modifying plaque inflammation (Libby and Aikawa, 2002) . Because patients appropriately treated with statins are still at considerable risk for CAD, there is great unmet need for novel therapeutic strategies. Anti-inflammatory approaches are being explored for prevention of acute coronary syndrome (Everett et al., 2013) . The Canakinumab Antiinflammatory Thrombosis Outcomes Study is assessing IL-1β inhibition in CAD (Ridker et al., 2011) . Possibly, normalization of IL-1β and IL-6 production in macrophages would be even more effective without imposing broad immunosuppression on the host. The NIH has launched a trial to evaluate the use of the broad immunosuppressant methotrexate for preventing cardiovascular events. Targeting the glucose-ROS-PKM2-STAT3 pathway would allow suppressing not only excessive IL-1β, but also preventing overproduction of IL-6, thus correcting the hyperinflammatory behavior of the innate immune system in atherosclerotic patients. Because TNF is spared from this pathomechanism, this important immune defense would remain intact. A core abnormality of CAD monocytic cells lies in their excess ROS production, which is surprisingly NOX independent. A better understanding of that defect should allow the design of upstream interventions. In malignant cells, PKM2 is a key mediator of the Warburg effect, fueling cancer cell growth through metabolic rewiring. Similarities in the molecular reprogramming of cancer cells and CAD macrophages should be therapeutically exploited, and medications with anti-Warburg effects could be repurposed to treat cardiovascular disease.
MAT ERI ALS AND MET HODS
Patients and controls. The study population included 140 CAD patients and 105 healthy control subjects. Patients had unequivocal CAD with at least one documented myocardial infarction and were enrolled >90 d after an ischemic event. Demographic characteristics of the patients are given in Table 1 . Demographically matched healthy individuals were recruited from the Stanford Blood Center (n = 105; age: 66.8 ± 7.1 yr; 90.5% male). They had no personal or family history of autoimmune disease, cancer, chronic viral infection, or any other inflammatory syndrome. The study was approved by the Institutional Review Board and written informed consent was obtained from all participants.
Cells and culture. PBMCs were isolated using density gradient centrifugation using Lymphoprep (STE MCE LL Technologies). Monocytes isolated by plastic adherence were differentiated into macrophages in RPMI 1640 medium (Life Technologies) supplemented with 20 ng/ml of M-CSF (eBioscience) and 10% of FBS (Lonza) for 5 d. Alternatively, monocytes were isolated using the EasySep human monocyte enrichment kit without CD16 depletion (STE MCE LL Technologies). Macrophages were further differentiated into M1 or M2 macrophages by stimulation with 100 U/ ml of IFN-γ (Sino Biologicals) and 100 ng/ml of LPS (Sigma-Aldrich), or 10 ng/ml of IL-4 and 10 ng/ml of IL-13 (Sino Biologicals). Attached macrophages were dissociated from plates using StemPro Accutase Cell Dissociation Reagent (Life Technologies).
To scavenge ROS, macrophages were stimulated in the presence of the ROS-scavenger Tempol (Sigma-Aldrich) or the mtROS scavenger MitoTempo (Santa Cruz Biotechnology, Inc.). Assembly of the NOX2 membrane complex was inhibited with gp91dstat (Anaspec). Glycolytic activity was blocked with 10 mM of 2-DG or by using glucose free RPMI 1640 medium (Life Technologies). PKM2 tetramerization Quantitative RT-PCR. Total RNA was extracted with RNeasy Mini kits (QIA GEN) and cDNA was reverse transcribed using a Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). The expression of genes was determined using QuantiTect SYBR Green PCR master mix (Thermo Fisher Scientific) and a Real Plex2 Mastercycler (Eppendorf). The primers used are listed in Table S1 . Gene transcript numbers were standardized and adjusted relative to β-actin transcripts.
Flow cytometry. CD14 and CD16 surface expression was measured using the FACS Fortessa (BD); data were analyzed with FlowJo Software (Tree Star). Monocyte subpopulations were sorted with the FAC SAria II (BD). Monocytes were stained with allophycocyanin (APC)-conjugated anti-CD14 (BD), Pacific Blue-conjugated anti-CD16 (BioLegend), and FITC-conjugated anti-HLA-DR (BD). To evaluate cytokine production in macrophages, intracellular cytokine staining was performed in resting and stimulated cells (LPS and IFN-γ for the indicated hours). Golgi stop (BD) was added for the last 6 h of culture. Macrophages were stained with APC-conjugated anti-CD14 antibodies (BD), permeabilized using the Cytofix/Cytoperm Kit (BD), and stained with Pacific Blue-conjugated anti-IL-1β antibodies (BioLegend), FITC-conjugated anti-IL-6 antibodies (BioLegend), and phycoerythrin-conjugated anti-TNF antibodies (BD). Cell viability was assessed by 7-amino-actinomycin D (BD) staining.
Measurement of ROS.
Macrophages or monocytes were stimulated with LPS and IFN-γ for the indicated times in RPMI medium with the indicated glucose concentrations, and then stained with 5 µM of CellROX Deep Red reagent (Molecular Probes) for 30 min or MitoSOX (Molecular Probes) for 10 min at 37°C. Macrophages were then washed with PBS and analyzed by flow cytometry.
Measurement of glucose uptake. Resting or stimulated macrophages or monocytes were incubated in glucose-free RPMI medium containing 5 µM of fluorescent d-glucose analogue 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxyd-glucose (Cayman Chemical) for 60 min at 37°C (Zou et al., 2005) . Fluorescent intensities were analyzed by flow cytometry.
siRNA-mediated knockdown. To knock down NOX2 expression, 1 nM of small interference RNA oligonucleotides were transfected into macrophages using INT ERF ERin (Polyplus Transfection). Oligo duplex RNA specific for NOX2 was purchased from Life Technologies. As a negative control, negative control siRNA (Life Technologies) was used. 48 h after transfection, macrophages were stimulated as described in Cells and culture.
Mitochondrial respiration and glycolysis assays. Cellular OCR and ECAR were measured in monocytes and macrophages stimulated with LPS and INF-γ for 3 h. Measurements were taken at 37°C using an XF96 extracellular analyzer (Seahorse Bioscience). Cells were seeded in 96-well plates and medium was changed to unbuffered DMEM (DMEM supplemented with 25 mM glucose, 31 mM NaCl, and 2 mM GlutaMax, pH 7.4) and incubated at 37°C in a non-CO 2 incubator for 1 h. All reagents were adjusted to pH 7.4. Three measurements were taken before and after addition of oligomycin (1 µg/ml), FCCP (0.5 µM), and the combination of antimycin A (10 µM) and rotenone (10 µM). OCR and ECAR were calculated by the Seahorse Wave software.
Western blotting. Monocytes and macrophages were collected and lysed in lysis buffer (50 mM Hepes, pH 7.4, 50 mM, NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, 10 mM sodium pyrophosphate, 50 mM sodium fluoride, and 1 mM sodium orthovanadate). Nuclear proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). Nonreducing conditions were applied for the detection of PKM2 dimeric and tetrameric forms. For the detection of oligomers, cells were treated with 5 mM of di-succinimidyl suberate (Thermo Fisher Scientific) for 30 min before lysis. Lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes, and incubated with the following antibodies: anti-PKM2 (Cell Signaling Technology), anti-GAP DH (Santa Cruz Biotechnology, Inc.), antiLamin A/C (Genentech), horseradish peroxidase-conjugated anti-Ig (Santa Cruz Biotechnology, Inc.), and IRDye 800CW anti-Ig (LI-COR Biosciences). The enhanced chemiluminescence detection system (GE Healthcare) was used to detect bands with peroxidase activity, or membranes were scanned with an Odyssey fluorescence scanner (LI-COR).
Confocal microscopy. Differentiated and stimulated macrophages seeded on glass coverslips were incubated with specific antibodies for 1 h at room temperature, followed by Alexa Fluor 488-conjugated secondary antibodies (Life Technologies) for 1 h at room temperature. Cells on coverslips were mounted in Vectashield with DAPI (Vector Laboratories) and examined using the 488-and 405-nm lines of the argon ion and diode lasers in a confocal imaging system (LSM 710; Carl Zeiss). All experiments included controls without primary antibody.
Immunohistochemistry. OCT-embedded sections of carotid arteries from CAD patients were sectioned at 10-µm intervals and fixed with 4% paraformaldehyde solution (Affymetrix). After blocking with 5% normal goat serum (Invitrogen), sections were incubated with unconjugated primary antibody overnight. Primary antibodies included rabbit anti-human PKM2 (1:100; Cell Signaling Technology), rabbit anti-human IL-6 (1:400; Thermo Fisher Scientific) and mouse anti-human CD68 (1:100; Dako). Isotype-matched primary antibodies served as control. Tissue sections were then stained with secondary antibodies, Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 544-conjugated goat antimouse IgG (Life Technologies) for 2 h, and mounted with DAPI-containing mounting medium (Molecular Probes). Tissue sections were examined using fluorescence microscopy.
Detection of STAT3 phosphorylation. Phosphorylation of STAT3 at Y705 was assessed at the single-cell level by Phosflow (BD). In brief, macrophages were stimulated with IFN-γ and LPS, fixed with Cytofix buffer (BD) at 37°C for 10 min, permeabilized with Phosflow Perm buffer III (BD) for 30 min on ice, and then stained with phycoerythrin-conjugated anti-pSTAT3 (Y705) antibodies (BD). Stained cells were analyzed by flow cytometry.
Proximity ligation assay (PLA).
Resting and stimulated macrophages were attached to cover glasses; paraformaldehyde fixed and labeled with PKM2 or phospho-STAT3 (Y705) antibodies (Cell Signaling Technology). To visualize close co-localization of the two proteins, we applied the PLA protocol (Olink Bioscience), in which antibodies against a protein pair are attached to short chains of complementary DNA oligonucleotides, which hybridize when in close proximity. Enzymatic ligation of the oligonucleotides generates a circularized DNA strand that serves as a template. The amplification reaction product remains attached to the antibody-protein complex and is visualized through the hybridization of fluorescently labeled oligonucleotides. A fluorescence signal occurs only when two proteins are in close juxtaposition (40 nm). Signals of fluorescent PLA probes indicating co-localization/co-compartmentalization of two proteins were acquired with a confocal imaging system (LSM 710; Carl Zeiss).
Statistical analysis. Statistical significance was calculated by the Wilcoxon-Mann-Whitney test when comparing two groups or by one-way or two-way ANO VA when comparing three or more groups. All analyses were performed using Prism software (GraphPad Software). In all analyses, P < 0.05 was taken to indicate statistical significance. Power analysis was performed to minimally yield an 80% chance to detect a significant difference.
